In this paper, we report densities at 303.15 and 323.15 K and at atmospheric pressure (p = 0.1 MPa) of the binary mixtures containing dimethyl disulfide and a linear alkanol (methanol, ethanol, 1-propanol or 1-butanol). The isothermal vapor-liquid equilibrium for these systems was also determined at the same temperatures while the pressure range for vapor-liquid equilibrium measurement depends on both the mixture and temperature considered. The vapor-liquid equilibrium data were found to be thermodynamically consistent. From these data experimental excess volumes and excess Gibbs functions were obtained and correlated with composition using the Redlich-Kister polynomial expansion and the Wilson equation, respectively. The values of both excess properties were positive. The excess volumes, unlike the excess Gibbs functions, increase with the length of the n-alkanol chain.
Introduction
In the evolution of the oil industry [1] [2] [3] [4] [5] [6] , fractional distillation has been one of the most important processes. This physical separation technique, based on the different volatilities of the compounds into the mixture, has since been the key step in crude oil refining. During the refining, the petroleum products are generally subjected to hydrotreating steps. These steps involve treating petroleum feeds in the presence of a hydrotreatment catalyst to remove certain heteroatoms in the petroleum fractions. Of all the hetero-elements in crude oil, sulfur has the most important effects on refining processes [7] [8] [9] [10] . Hydrotreatment catalysts are used to convert organosulfur components to hydrogen sulfide gas (H 2 S), a process known as hydrodesulfurization (HDS). However, these catalysts are active in hydrotreatment operations only for metal sulfides. Therefore, the sulfurization of these catalysts, before being used, is an important step to obtain their maximum performances in HDS. Several practical experiments prove that the sulfurization procedure has an important effect on the stability and activity of an hydrotreatment catalyst [11, 12] . Hallie et al. [13] reported on hydrogen sulfurization procedures which are performed directly in hydrotreating reactors. These different techniques of catalyst sulfidation were compared and the results show that sulfurization with a liquid feed supplemented with a spiked feedstock having the property of decomposing at low temperature is the best sulfurization technique [14] . Dimethyl disulfide (DMDS) is the most frequently used compound as sulfurizing agent due to its lower cost and higher sulfur content (68%) [15] . Worldwide, there are many hydrotreating units, which produce transportation fuels containing between 500 and 3000 parts per million (ppm) sulfur. Nowadays, the stringent, reduced-sulfur specifications between 10 and 15 ppm, are considered to be a difficult challenge [16] . In view of this increasingly stringent environmental requirements for the sulfur contents of fuels, much research effort has gone into improving refining procedures. For this reason, it will be necessary to increase the physicochemical properties databases of sulfur compounds used in the refining of crude oil. Among these properties, we were concentrating on the volumetric and vapor-liquid equilibrium behavior.
In the present study, we report experimental results (densities and vapor pressures) for the binary systems: dimethyl disulfide + linear alcohol (methanol, ethanol, 1-propanol or 1-butanol). Densities were measured at two temperatures (303.15 and 323.15 K) and at atmospheric pressure (p = 0.1 MPa). Vapor pressures (isothermal vapor-liquid equilibrium) were determined at the same temperatures and for a variable pressure range. From the experimental data we have obtained the corresponding excess molar volumes and excess Gibbs functions. These excess properties have been correlated using the Redlich-Kister equation [17] for excess molar volume and the Wilson equation [18] for excess Gibbs function. A literature survey shows that some work related with this study has been performed. Zudkevitch et al. [19] measured the isothermal VLE of dimethyl disulfide + methanol mixtures at the temperatures 310.95 and 336.35 K. Uusi-Kyyny et al. [20] determined the isothermal VLE of the dimethyl disulfide + ethanol system at 343.15 K. Recently, we have measured the isobaric vapor liquid equilibrium of these systems at p = 40.000 and 101.325 kPa [21] .
Experimental

Chemicals
Chemical specifications are given in Table 1 . Due to the high mass purity of these chemicals no further treatment of purification was carried out. The water contents of the pure compounds were measured in our laboratory using the Karl-Fischer method with an automatic titrator (Crison KF 1S-2B).
3
Apparatus and Procedure
The densities of the pure liquids and binary mixtures were measured using an Anton Paar DMA 5000 densimeter. The cell temperature is controlled by an integrated Peltier thermostat at ± 0.005 K. The apparatus was calibrated using ultra-pure water supplied by the GmbH SH calibration service, and dry air. The uncertainty of density measurements is 0.05 kg·m −3 . Mixtures were prepared by mass using a Sartorius Semimicro balance CP225-D. The uncertainty of the mass determination was 0.01 mg. In order to avoid variations in composition from evaporation, the samples were prepared immediately prior to performing measurements and were kept in airtight stoppered glass vials. Taking into account the uncertainty in the water content of pure substances and mass determination, the uncertainty in the mole fraction was estimated to be 0.0005.
The vapor pressures of the pure compounds and the phase equilibria of the binary mixtures was measured using a dynamic ebulliometer (Fischer Labodest), previously described [21, 22] , equipped with a Cottrell pump. It is an ebulliometer with recirculation of both phases, after leaving the separation chamber the vapor phase is condensed and returned to the liquid phase. The equilibrium pressure was measured by means of a Digiquartz 215A-102 pressure transducer with an uncertainty of 0.05 kPa. An Automatic Systems Laboratories (model F25) thermometer with a PT100 probe was employed to determine the equilibrium temperature with an uncertainty of 0.02 K. Once the equilibrium was established, samples of both the liquid and condensed vapor phase were taken. The corresponding compositions were determined by densitometry, previously the calibration curves density-composition were obtained. The estimated uncertainty in mole fraction is 0.002.
Results and Discussion
Pure Compounds
In this section, we report data of densities, ρ, at p = 0.1 MPa and vapor pressures, p°, for the pure liquids: dimethyl disulfide, methanol, ethanol, 1-propanol and 1-butanol. The working temperatures were 303.15 and 323.15 K.
The experimental values are given in Table 2 and they are compared with the literature [23] [24] [25] [26] [27] [28] [29] [30] . Due to the high number of references for methanol and ethanol, we have chosen [29] for them recommended data from REFPROP (version 9.0) [25] . Generally good agreement is observed. The average deviation in density is 0.02%, the biggest deviation (0.06% or 0.44 kg·m −3 ) is shown by the density values of ethanol at T = 303.15 K. On the other hand, the average deviation in vapor pressure is 0.66%, the biggest deviation (2% or 0.025 kPa) is observed for the vapor pressure value of 1-butanol at T = 303.15 K; it must be taken into account that this value is near to the lowest vapor pressure measurable in our equipment. These deviations between experimental and literature values are close to the corresponding experimental uncertainties.
Binary Mixtures
Volumetric Properties
The densities, ρ, for the binary mixtures containing dimethyl disulfide and methanol, ethanol, 1-propanol, or 1-butanol have been measured at 303.15 and 323.15 K and at 0.1 MPa. These values, which are collected in Table S1 of the supplementary material, were used to calculate the corresponding excess molar volumes, V E , from the following equation: where x i , M i , and ρ i are, respectively, the mole fraction, the molar mass, and the density of component i, the densities of the components are in the same physical state as the mixture [31] , and ρ is the density of the mixture. The calculated excess molar volumes are also collected in Table S1 .
The excess molar volumes have been correlated with composition using the Redlich-Kister expansion [17] :
x i being the mole fraction of component i, and A i the adjustable parameters, which have been determined using the least squares method. These values and the corresponding standard deviations are shown in Table 3 .
The excess molar volumes, V E , as function of the dimethyl disulfide mole fraction at 303.15 and 323.15 K are plotted in Figs. 1 and 2 , respectively. These V E plots are not symmetrical; they are slightly shifted to the dimethyl sulfide rich region. The V E values increase in the sequence methanol < ethanol < 1-propanol < 1-butanol, that is, the longer the aliphatic chain of 1-alkanol the greater excess molar volume. The V E maximum values are also shifted to dimethyl disulfide following the same sequence. Moreover, for all the mixtures the excess molar volume increases with temperature, this increase is similar for the mixtures containing ethanol, 1-propanol and 1-butanol and slightly higher than for the mixture with methanol.
Vapor-Liquid Equilibrium
The isothermal VLE for the binary systems dimethyl disulfide with methanol, ethanol, 1-propanol, or 1-butanol have been determined at the temperatures 303.15 and 323.15 K.
Experimental data (T, p, x i , y i ) are listed in Table S2 of the supplementary material. These values were correlated with the Wilson model [18] based on the following basic equations: In the above equations: G E is the excess Gibbs function; R is the universal gas constant; T is the equilibrium temperature, x i , γ i and V . These latter parameters have been obtained by minimizing the following objective function [32] in terms of experimental and calculated pressures:
Taking into account the non-ideality of the vapor phase and the variation of the Gibbs energies of the pure compounds with pressure, the calculated pressure, p cal , have been determined as follows [33, 34] : where B ii and B ij are the second virial coefficient of component i and the cross second virial coefficient, respectively. These values were estimated using the Tsonopoulos method [35] [36] [37] . The other symbols have been previously described.
The correlation results, Wilson parameters and deviations for pressure, Δp, and vapor phase mole fraction, Δy, are shown in Table 4 . The biggest deviations, Δp = 0.038 kPa and Δy = 0.0060, indicate that the correlation for these systems is adequate and that the newly measured VLE data are reliable. According to the test proposed by Van Ness et al. [38] and described by Fredenslund et al. [39] , the experimental data are consistent if Δy < 0.01 and, as can be seen in Table 4 , all the systems satisfy this condition. The pressure-composition diagrams, p-x 1 -y 1 , both experimental and calculated from the Wilson equation are plotted in Figs. 3, 4, 5 and 6 along with previous isothermal VLE results [19, 20] . All the systems, at the two working temperatures, present an azeotrope whose coordinates (p az , x 1,az ) are listed in Table 5 ; the azeotropic coordinates were obtained taking into account that the pressure-composition diagram must present an extremum and the composition of both phases must be equal. As the temperature increases, the azeotrope moves to lower dimethyl disulfide compositions. For a given temperature, the same effect is observed decreasing the carbons number of the n-alkanol. A direct comparison between our experimental results and previous VLE and azeotropic data is not possible because the temperatures don't match. However, as it can be seen in Figs. 3 and 4 , and in Table 5 , our VLE and azeotropic results are consistent with previous information reported for these systems.
From the correlation of VLE data, we have calculated the excess Gibbs functions, G E , for the systems and the values are given in Table S2 . The plots of these excess functions versus liquid composition are presented in Figs. 7 and 8. All mixtures show positive G E values over the whole composition. The excess Gibbs functions show maximum values close to the equimolecular composition. At a given temperature, the excess Gibbs function decreases with the increase in the carbon chain length of linear alcohols. Except for the system containing methanol, the temperature effect on G E is small, decreasing slightly with temperature. On the other hand, for dimethyl disulfide + methanol system, the G E maximum value increases with increasing temperature from 1308.5 J mol −1 at T = 303.15 K to 1353.8 J mol −1 at T = 323.15 K. Thermodynamically, all the studied systems show positive deviations from ideal behavior over the entire composition range, although for excess molar volume these deviations are not too large. Excess properties could be explained on one hand considering energetic factors, the predominance of the weakening of interactions (dipole-dipole interactions in dimethyl disulfide and hydrogen bonding in the alcohols) among molecules in the pure liquids during the mixing process over the heteroassociation between unlike molecules [40] leads to positive values. On the other hand, structural factors also play an important role, especially in the excess molar volume, where poorer interstitial accommodation with increasing chain length of the alkanol leads to higher V E values.
Conclusions
This work reported experimental density data for binary mixtures containing dimethyl disulfide with C1-C4 n-alkanols at p = 0.1 MPa, and at 303.15 and 323.15 K. For these systems and temperatures, the isothermal vapor liquid equilibrium was determined and azeotropes were observed. From density values, the excess molar volumes were calculated and fitted by a Redlich-Kister polynomial. The phase equilibrium was correlated using the Wilson equation and the excess Gibbs energies were obtained. Positive deviations from ideality were obtained both for the volumetric and the phase behavior. The results showed that the decreasing of the interactions in the pure compounds is more important than the attraction between different molecules in these mixtures. 
